To define the RNA polymerase I promoter in the rDNA of Saccharomyces cerevisiae more precisely, we have constructed a series of 5'-and 3'-deletion mutants in a novel, plasmid-borne rDNA minigere, that also contains the transcriptional enhancer. Our data show that the Pol I promoter, in this context, extends from position -155 to +27, with 5'-deletions up to -134 and 3'-deletions up to -2 removing essential sequence information. To investigate the internal organization of the yeast Pol I promoter, linker scanning mutants were constructed, that traverse the Pol I promoter region and comprise between 5 and 12 clustered point mutations. Analysis of minigene transcription in yeast cells transformed with these plasmids demonstrates that the Pol I promoter consists of three domains. Mutations in Domain I (from position -28 to +8) and Domain II (-70 to -51) drastically reduce promoter activity, whereas clustered point mutations in Domain III (starts at position -146 and presumably extends to position -76) appear to have less effect. Furthermore, the insertion of 4 nt between Domains I and n diminishes minigene transcription, indicating that the relative positions of these domains is essential.
INTRODUCTION
In eukaryotic cells the tandemly reiterated nbosomal RNA (rRNA) genes are transcribed by a specialized polymerase, RNA polymerase I (Pol I). The sole product of Pol I transcription is a 35-45S precursor rRNA that is processed to yield the mature ~ 18S, 28S and 5.8S rRNAs, which together with 5S rRNA (produced by RNA polymerase HI) constitute the RNA content of a eukaryotic ribosome. Like in prokaryotes, the production of all components of a eukaryotic ribosome is highly coordinated, and controlled by the cellular demand for protein synthetic capacity in response to e.g. the availability of nutrients or the developmental stage of the cells. There is evidence that in yeast this control is primarily exerted at the level of rRNA transcription (1, 2) . Therefore, the elucidation of how rRNA transcription is regulated is an important step in our understanding of the mechanisms by which the synthesis of ribosomes is influenced by environmental signals.
The development of Pol I in vitro transcription systems for a number of organisms has facilitated the identification of cis-acting elements (promoters, terminators and enhancers) as well as /ra/is-acting factors that are involved in the regulation of Pol I transcription (reviewed in Ref. 3) . Though the yeast rRNA genes were among the first eukaryotic rRNA genes to be fully characterized (4-7), it has not been possible as yet to devise a reliable yeast in vitro system for Pol I transcription. A system has been reported that permits in vitro initiation by Pol I at a specific site in the Non Transcribed Spacer, but it fails to direct Pol I to initiate at the site employed in vivo (8) (9) (10) .
As an alternative approach a system has been developed by several laboratories, that utilizes Pol I minigenes, which, upon transformation to yeast, can be used to study the regulation of Pol I transcription in vivo (10) (11) (12) (13) . Following this approach a number of cw-acting elements involved in Pol I transcription in Saccharomyces cerevisiae have been identified, i.e. a transcriptional enhancer (13, 14) , a number of 3'-end generating sites (15) , and the promoter, which, as we have reported previously (16) , is located between nucleotide positions -192 and +15 relative to the point of transcription initiation.
In this paper we describe experiments which reveal that the sequence requirements for initiation of transcription by Pol I are not affected by the presence of a Pol I transcriptional enhancer in cis, as well as studies with Linker Scanner Mutants (LSMs), that reveal the internal organization of the yeast Pol I promoter. In close similarity to the structure of rDNA promoters in other eukaryotes (3), the yeast Pol I promoter consists of a core domain that is essential for efficient initiation of transcription, and an upstream domain in which alterations cause less drastic effects. In contrast to the situation in other eukaryotes, the core promoter in S. cerevisiae seems to be composed of two elements, that are separated by a region of lesser importance.
MATERIALS AND METHODS

Enzymes, Strains, Plasmids and Oligonucleotides
Restriction enzymes were purchased from Bethesda Research Laboratories, except for AsuU and SnaBl, obtained from Promega and New England Biolabs, respectively. Polynucleotide kinase, Escherichia coli DNA polymerase (Klenow fragment), M-MLV Reverse transcriptase and fla/31 exonuclease were from Bethesda Research Laboratories. Zymolyase-IOOT was used for yeast DNA isolations and obtained from Seikagaku Kyogo, Tokyo, Japan. Helicase, used in the procedure for yeast transformation, was from Industrie Biologique Franchise, Clichy, France, and Mung Bean nuclease was from Promega. E. coli DH1 (F-recAl endAl gyrA96 thi-l hsdRll supE44 relAl \~) and JM83 (Fã raA(lac-proAB) rpsL <f>80dlacZAM 15) were used for construction and propagation of all plasmids. E. coli JM101 (A(lac-proAB) supE thi/F' fraD36 proAB lacY* ZAM 15) was used for propagation of M13-actin. S. cerevisiae MG34 (Ieu2 trpl rad2 cir + ) was used for expression of SIRT and related minigenes. All yeast rDNA fragments used in this study were taken from pMY60 (17), a plasmid that has been described previously (18). Oligonucleotides were synthesized with an Applied Biosystems 381A DNA synthesizer, except for a 8 bp Sacl linker that was obtained from Bethesda Research Laboratories, and a 10 bp BamHl linker that was a gift from J. H. van Boom, Leiden, The Netherlands. Construction of Pol I Minigenes pSIRT was constructed in two steps. First, the termination fragment (Taql-Hpal, 921 bp) was inserted between the Accl and Smal sites of pUC18, and the initiation fragment (StulBglU, 2741 bp) was combined with the double stranded reporter oligonucleotide, equipped with BgRl and Pstl compatible cohesive ends, between the Smal and BamHl sites of pUC19. The inserts of these two constructs were fused, using the Pstl and Ndel sites present in both constructs, resulting in pSIRT. This plasmid carries the SIRT minigene {cf. Fig. 1 ), flanked by an inverted repeat that comprises the Kpnl, Sacl and £coRI sites of the pUC18/19 polylinker. pIRT and pNIRT are derivatives of pSIRT. pIRT contains a 10 bp BamHl. linker inserted in the unique Smal site at -208, whereas in pNIRT the 12 bp 'scanning linker' is present at this position (Fig. 5) . The E. coli-yeast shuttle vector pEMBL Ye3O-A16 was derived from pEMBL Ye3O (19) by deleting approximately 1.3 kb of non-characterized sequences between the LEU2 gene and the 2/t fragment with BaB 1 exonuclease (starting from a Sad site in the middle of this region), and inserting a 8 bp Sad linker in the unique Smal site. The minigenes SIRT, IRT, and NIRT were all inserted in the same orientation in the Sad site of pEMBL Ye3O-A16 (as depicted for SIRT in Fig. 1 ), resulting in YepSIRT, YepIRT and YepNIRT, respectively .
Construction of Deletions in the Pol I Promoter
In order to be able to employ the strategy for the construction of clustered point mutations as developed by Haltiner et al. (20) in yeast vectors, a specific tool was designed: the BaB\ cassette (Fig. 2) . The first step of its construction involved the insertion of a double stranded oligonucleotide containing sites for Ncol and Nrul, between the BamHl and £coRI sites of pUC18. Next, the 255 bp EcoRl-Ndel fragment of this plasmid was used to replace the analogous fragment of pUC9, resulting in the fusion of the pUC9 and pUC18 polylinkers. Finally, a 665 bp EcoKl fragment of the rDNA repeat of 5. carlsbergensis was inserted in the unique EcoRI site of this plasmid (Fig. 2) . The BaBl cassette can be excised from the resulting plasmid by digestion with either HindlR, Pstl, Sail, Acd, Hindi or BamHl. The latter option was used to insert the BaB 1 cassette in either the BamHl or Bgia site of pIRT, yielding pBIRT and pIBRT, respectively (Fig. 2) . The BIRT and IBRT minigenes were excised with Sad and inserted in the unique Sad site of pEMBL Ye30-A16.The resulting YepBIRT and YepIBRT constructs were linearized with Smal, treated with Bo/31 exonuclease essentially as described previously (18) in order to generate 5'-and 3'-deletions of the Pol I promoter region, digested with Nrul to remove remaining 'buffer DNA', and recircularized. 610 bp Sphl-EcoRV fragment of the 5. carlsbergensis rDNA repeat, using a Prime-a-Gene kit from Promega. The probe specific for actin mRNA was prepared from an M13mpl0 construct containing the 1.5 kb. BamYW-HirvSQ. fragment of the S. cerevisiae actin gene (a kind gift of Mr. J.J. van den Heuvel), essentially as described previously (18). Reverse dNTPs. Following the reaction, the templates were hydrolyzed by alkali treatment and the reaction products were analyzed by electrophoresis on a denaturing 8% polyacrylamide gel. The intensity of the signals obtained in the experiments depicted in Fig. 6 , 7 and 8 was quantitatively determined by scanning laser densitometry of appropriate exposures, using an LKB 2202 Ultroscan.
Construction of Linker Scanning Mutants (LSMs)
LSMs
RESULTS
Construction and Characterization of an RNA Polymerase I Minigene.
In this paper we report on our studies of the internal organization of the yeast Pol I promoter by linker scanning mutagenesis. To allow accurate measurement of the effects of clustered point mutations on the efficiency of transcription initiation by RNA polymerase I, we have constructed a minigene (SIRT, Fig. 1 ) that gives rise to a relatively high steady-state level of minigene transcripts in the yeast cell. In order to ensure efficient transcription a copy of the rDNA enhancer was included both upstream and downstream of the artificial transcription unit, since it is not yet known in what direction the yeast rDNA enhancer exerts its influence (13, 14) . We have tried to ensure a high transcript stability by including a relatively large part of the 26S rRNA gene in the minigene and by using a short (19 bp) reporter oligonucleotide, instead of the more commonly used longer heterologous reporter sequences (10) (11) (12) (13) . In a Northern hybridization of total cellular RNA isolated from cells transformed with the SIRT minigene, a transcript was readily detected using the reporter oligonucleotide as a probe {e.g. Fig. 7A , lane SIRT). The migration of the minigene transcript in the gel correlates well with its expected size (681 nt) if the 5'-and 3'-ends are identical with that of 37S pre-rRNA and 26S rRNA, respectively. For the 5'-end this was confirmed by reverse transcriptase mapping, using the reporter oligonucleotide as a primer (data not shown). We subsequently tested whether the nucleotide requirements for the initiation of transcription by Pol I are affected by the presence of an enhancer in the SIRT minigene. To that end a series of 5'-and 3'-deletion mutants was constructed from a derivative of the SIRT minigene, IRT, which contains a BamYH linker inserted into the Sma\ site at -208 (outside the previously mapped promoter region [ -192 ; +15], Ref. 16 ), but is otherwise identical to SIRT. The 5'-and 3'-deletion series were constructed with the aid of a specific tool: the BaB\ cassette (Fig. 2) . This DNA fragment was inserted into the IRT minigene at the BamW. site for the construction of the 5'-deletion mutants, and at the BglQ site for the construction of the 3'-deletion mutants, yielding the minigene derivatives BIRT and IBRT, respectively (Fig. 2) . This approach allows for the one-step construction of unidirectional deletions within the minigene, resulting in the insertion of a single linker at the site of the deletion ( see legend to Fig. 2 for details) . Following this approach we have constructed a small library of 5'-and 3'-deletion mutants and about 100 clones of each deletion type were characterized by dideoxy sequencing. The extent of transcription of a selection of minigenes with progressive 5'-or 3'-deletions in the Pol I promoter was analyzed by Northern hybridization with the reporter oligonucleotide (Fig. 3) . As a control, minigenes with a mock deletion (i.e. removal of the 'buffer DNA' by cutting with Sma\ and Nrul, omitting treatment with Balil) were constructed from BIRT and IBRT, yielding LIRT and ILRT, respectively. As can be seen from Fig. 3 , the minigene transcription of both LIRT and ILRT is not affected by the presence of the 18 bp remains of the BaB 1 cassette in these minigenes. In the IRT minigene, the 5'-boundary of the gene promoter is located between nucleotide positions -155 and -134, since in IRTA5' [-208;-134 ] the level of the minigene transcript is reduced by at least a factor 5 as compared to IRTA5' [-208; -155] (Fig. 3) . Comparison of the hybridization signals obtained with the 3'-deletion mutants (Fig. 3) leads to the conclusion that the 3'-boundary of the gene promoter in the IRT minigene is located upstream of nucleotide position +27, and, most likely, downstream of nucleotide position -2. We cannot rule out, however, the formal possibility that the lowered transcript levels in IRTA3'[ -2; +128] and IRTA3'[ -4; +128] result from destabilization of the transcripts, due to the removal of a stabilizing element.
To further investigate the residual transcriptional activity of minigenes carrying partially deleted Pol I promoters, the 5'-ends of their transcripts were analyzed by reverse transcription (Fig. 4) . Comparison of the lanes marked IRTA5' [-208;-154 ] and IRTA5' [-208; -134] confirms that the 5'-boundary of the Pol I promoter is located between -154 and -134, since transcripts initiated at +1 are almost completely absent when the deletion extends beyond nucleotide position -134. Additionally, all lanes show bands lower in the gel (especially prominent around position +80). Since no signals corresponding to transcripts initiated at this site were detected in the Northern experiment (Fig. 3) , these bands must be derived from premature termination of the reverse transcriptase, presumably due to the secondary structure of the template. Also, all lanes show transcripts that have initiated between nucleotide positions -10 and -45. These minor starts have also been observed in experiments using other minigenes (11, 13) , and it is not clear whether they are produced by Pol I or by a different polymerase. Our working hypothesis is that their presence is caused by the fact that not all components of the Pol I transcriptional machinery are available to all plasmids at all times, due to the location of (part of) the artificial templates outside of the nucleolus. It is of particular importance to note that these 'upstream starts' are generated to the same extent by all the control constructs that have been used: SIRT, NIRT (Fig. 8 ), LIRT and ILRT (Fig. 4) , and that they represent only a minor fraction of the total of minigene transcripts.
Residual transcription of minigenes with partially deleted Pol I promoters, as detected in Fig. 3 , can largely be attributed to these minor transcripts (Fig. 4 ) Though all the minigenes give rise to the production of these transcripts, their relative abundance is higher in IRTA5' [-208;- Given the combined results of the Northern hybridization assay and the reverse transcription experiment, we feel confident that the Pol I promoter is located within the region [ -155,+ 27], with 5'-deletions up to position -134 and 3'-deletions up to position -2 removing essential sequence information. This result for the IRT minigene is in full agreement with the results obtained previously with other minigenes (16, 21) , and clearly demonstrates that the presence of the enhancer element in cis does not alter the sequence requirements for Pol I promoter activity.
Construction and Characterization, of Linker Scanning Mutants
From the 5'-and 3'-deletion mutants 12 Linker Scanning Mutants (LSMs) were constructed, each cany ing the complete Pol I promoter region, a small part of which was replaced with a 12 bp linker. These linker substitutions introduce a number of clustered point mutations within the Pol I promoter at a different site in each plasmid (Fig. 5) . For 5 LSMs the substitution caused an additional mutation, in the form of an insertion or deletion of 1 or 2 bp as the deletions in the corresponding 5'-and 3'-deletion mutants did not exactly 'match'. LSM[-33;-26]-8 is exceptional in that the length of the scanning linker in this plasmid is 8 rather than 12 nucleotides. It was constructed from LSM[-33;-26]-12 in order to restore the original length of the promoter region. LSM[+27;+37] was constructed as a control downstream of the Pol I promoter region, whereas as a control upstream of this region the NIRT minigene was constructed, which contains the scanning linker inserted into the Smal site at position -208. Since the yeast vector used for the propagation of these minigenes contains a 2/t-derived origin of replication, we anticipated a considerable degree of variation in the copy number of the LSM plasmids. Therefore, the plasmid copy number was determined for each LSM transformant by Southern hybridization, using the 2.7 kb HindHI fragment of the rDNA repeat as an internal standard (Fig. 6) . Assuming that the rDNA repeat is present at 140 copies per cell (22) , the plasmid copy numbers range from about 14 for LSM [-33;-26 ]-12 to about 24 copies per cell for LSM[+27+37] (Fig. 6) , which is well within the expected range of variation for a 2/x-derivative in a cir + host.
Northern hybridization of the LSM minigene transcripts with the reporter oligonucleotide (Fig.7A) reveals that mutations in different parts of the Pol I promoter affect promoter activity to different extents. This indicates that the Pol I promoter is not composed of one continuous element, but that it contains multiple elements that affect promoter activity to different degrees.
The experiments described in the previous section demonstrated that the hybridization signal in the Northern assay is caused by two classes of transcripts: those that are correctly initiated at +1, and transcripts that are initiated upstream of +1 (Fig. 4) . In order to correct the hybridization signals in the Northern analysis of the LSM series (Fig. 7 A) for aberrantly initiated transcripts, reverse transcription of the minigene transcripts was performed using the reporter oligonucleotide as a primer (Fig. 8) . From this experiment it is evident that the results obtained with the SIRT and NIRT minigenes are essentially the same, with respect to both the specificity and the intensity of the signals. In either case the aberrantly initiated transcripts contribute only a few percent to total transcription. For the LSMs this percentage appears to be higher, which is mainly due to the fact that the initiation of transcription at +1 is greatly reduced in some of these transformants {e.g. (Fig. 4) .
The Northern hybridization signals obtained for the LSM transformants were corrected for aberrantly initiated transcripts, variations in plasmid copy numbers and differences in the amounts of RNA applied on the gel. The obtained values were normalized by setting the activity of the Pol I promoter in SIRT to 100% and the resulting relative promoter From these data it is apparent that the yeast Pol I promoter contains two domains that are essential for efficient initiation of transcription : domain I from position -28 to +8 and domain II from -70 to -51 (Fig. 9B) . Due to the limitations of the linker substitution technique, the actual boundaries of the promoter domains may be located a few nucleotides up-or downstream of the given values. In addition, a third domain can be discerned, in which the presence of point mutations displays only an intermediate effect on transcription initiation. This third domain is located between position -146 and -76. Though the LSM experiment suggests that it serves only accessory functions with respect to the initiation of transcription by Pol I, 5'-deletions in this element severely affected this process ( Figures  3 and 4) . This might indicate that an essential element is located at the 5'-end of domain HI (Fig. 9B) The data obtained for LSM [ + 27 ;+37] suggest that the Pol I promoter in this mutant is far more efficient than the wild-type promoter, which is rather puzzling since the point mutations introduced by the linker substitution in this mutant are located outside the Pol I promoter, as it was defined by deletion analysis (15, this paper). The linker substitution in this LSM creates an inverted repeat within the transcribed region (Fig. 5) , which could give rise to the formation of a small stem-loop structure near the 5'-end of the minigene transcripts. This putative secondary structure might increase the stability of the minigene transcripts. In order to test this hypothesis the three left-most nucleotides of the scanning linker in LSM[+27; + 37] were interchanged, so as to disrupt the inverted repeat, yielding LSM[+27; + 37]* (Fig. 5) . The promoter activity in this LSM was only 60%, as compared to over 200% for LSM[+27;+37]. Thus the apparent increase in the activity of the Pol I promoter in LSM[+27; + 37] is due to stabilization of the minigene transcripts, caused by the presence of a stem-loop structure near the 5'-end of these transcripts. Further support for this explanation is derived from the reverse transcription assay (Fig. 8) , where a strong stop at +38 in the lane LSM[+27;+37] is present, which is absent in the LSM[+27;+37]* lane.
In order to study the effect of changes in the relative positions of the domains of the promoter, two additional LSMs were constructed. LSM[-49;-38]All is identical to LSM[ -49; -38] except that 11 nucleotides (position -78 to -68) have been deleted (Fig.  5) . This shortens the distance between domains U and HI by a little over one helical turn of the DNA, but leaves the spatial orientation of the two domains intact. The deletion results in a relative promoter activity for the LSM[-49;-38] transformant of less than 10%, as compared to about 60% obtained with LSM [-49;-38] (Figs. 6, 7B, 8 and 9 ). It cannot be excluded, however, that the malfunctioning of the promoter is caused by the fact that the deletion comprises part of domain n, rather than by a difference in the spacing between domains H and HI. If this is true, the 5'-boundary of domain H must be located upstream of position -68.
LSM[-33; -26]-12 is identical to LSM[ -33; -26]-8, but for the length of the scanning linker, which is 12 instead of 8 nt, resulting in the insertion of 4 nt between domains I and n. In this mutant the spatial orientation of these two promoter domains is affected, as well as the distance between them. The relative promoter activity in this mutant turned out to be only about 10%, as compared to about 60% for LSM[-33;-26]-8 (Figs. 6,  7B, 8 and 9 ). The reduction in promoter activity probably reflects the disruption of interactions between (a) rra/is-acting factor(s) that bind to these two promoter domains.
DISCUSSION
By analyzing mutated Pol I promoters in suitable in vitro systems (23) (24) (25) (26) , as well as in vivo (27) (28) (29) , much progress has been made in the last few years, in unraveling the internal organization of eukaryotic rDNA promoters. Some of the apparently conflicting results that were initially obtained for different organisms, as well as by different groups studying the same organism (24, 30) , were later shown to be largely attributable to differences in assay conditions. Recently a general model for the structure of the eukaryotic rDNA promoter has been proposed (3), in which a core promoter domain (-40/-10) is involved in the binding of a species-specific transcription factor (factor D, according to the nomenclature of Muramatsu (31)), and an upstream domain of the promoter (about -150/-110, detected only when using stringent conditions) makes a further contribution to the acquisition of transcription factors. RNA polymerase I, activated by either a modification of Pol I itself, or by association with factor C, is positioned at the site of transcription initiation by protein-protein contacts with the transcription factors.
The structure of the yeast Pol I promoter, as revealed by our experiments, shares some characteristics with the general model, but also shows some remarkable differences. The yeast rDNA promoter contains two regions that are essential for efficient transcription initiation by Pol I, domain I from position -28 to +8, and domain II from position -70 to -51. Because of the severe effect of point mutations in both domain I and II on the Pol I promoter activity we propose that these two elements together constitute the yeast equivalent of a core promoter domain. In agreement with the general model, it includes the point of transcription initiation (+1), and it also comprises a large part of the [-9/+14] element, that was previously inferred from phylogenetic studies to be of importance to Pol I transcription in yeasts (32) . However, our results suggest that the yeast core promoter extends further into the upstream region, as compared with the general model (-70 vs -40) and that it is interrupted by a region of lesser importance (-26 to -9). Though the presence of point mutations in this region was not completely neutral with respect to the efficiency of transcription initiation by Pol I, the effect of alterations in the flanking regions was much more pronounced. This may mean that the yeast core promoter interacts with multiple transcription factors, or that it contacts a single factor at two separate DNA regions. Interestingly, a similar observation has been reported from a linker-scanning analysis of the Xenopus laevis Pol I promoter (28) .
In agreement with the general model for Pol I promoters, the yeast rDNA promoter contains a 5'-terminal domain that influences the activity of the promoter to a lesser degree than the core promoter domain. We suggest that domain IE is functionally equivalent to the upstream domain found at the 5'-end of Pol I promoters in other eukaryotes.Compared with other organisms the yeast element seems to be somewhat larger at its 3'-end (-140/-76 vs -150/-110). The X. laevis Pol I promoter, however, may have a similar organization, since in this organism the region from nucleotide positions -100 to -70 has been shown to interact with proteins (33) , and conflicting results have been reported for the effect of clustered point mutations in this region by different groups (28, 29) . On the other hand, the results we have obtained with LSM[ -121/-108] allow for ambiguity in positioning the 3'-boundary of domain IE, which may very well be located upstream of nucleotide -121, thus resembling the situation in other eukaryotes.
In order to investigate whether the deviations from the general model represent an essentially different organization of the Pol I promoter in yeast, or whether these are just minor variations on the general theme of eukaryotic rDNA promoter structure, we are currently trying to identify the yeast Pol I transcription factors.
